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Abstract
The energy loss of fast partons traversing the strongly interacting matter produced
in high-energy nuclear collisions is one of the most interesting observables to probe
the nature of the produced medium. The collisional and radiative energy loss of the
partons will modify their fragmentation functions depending on the path length of
the partons in the medium and the medium density. Pb+Pb collisions at
√
sNN =
5.5 TeV at the LHC will allow us to perform the first detailed measurements of the in-
medium modifications of fragmentation functions of parton initiated jets, using the
γ-jet channel. Since the photon does not strongly interact with the medium, the initial
transverse energy of the fragmenting parton can be related to the photon transverse
energy in back-to-back γ-jet events. This in turn allows for precision studies of the jet
fragmentation function, exploiting the CMS track reconstruction capabilities and the
large rapidity coverage of the CMS calorimeters.

11 Introduction
One of the key results from the study of high-energy nuclear (Au+Au and Cu+Cu,
√
sNN =
200 GeV) collisions at the Relativistic Heavy-Ion Collider (RHIC) is the observation of a strong
suppression of hadron yields at transverse momenta pT > 4 GeV/c, compared to expectations
based on p+p and d+A collisions at the same collision energies [1]. This observation has been
termed “jet-quenching” and is interpreted as a consequence of the energy loss of fast partons
as they traverse the dense and hot medium produced in these collisions. The extreme magni-
tude of the suppression effect makes a quantitative interpretation of the result difficult, as the
observed remaining yield of high-pT hadrons is likely to be dominated by emission from the
surface of the collision region [2, 3].
Pb+Pb collisions at
√
sNN = 5.5 TeV at the LHC will allow a much more detailed exploration of
the jet quenching phenomenon, due to the much larger cross-sections for hard parton-parton
scattering. This results in a significant increase in the yields of jets and isolated photons with
high transverse momenta in the large-acceptance calorimeter systems of CMS (and ATLAS).
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Figure 1: Left panel: Transverse energy correlation between isolated photons and the associ-
ated away-side parton for p+p events generated with the PYTHIA event generator requiring a
minimum transverse-momentum transfer of pˆT = 70 GeV/c. Partons and photons are selected
to have a transverse energy above 70 GeV and an opening angle (∆φap) in the transverse plane
of larger than 3 radian. Right panel: Ratio of the jet fragmentation functions constructed using
either the parton or the associated photon energy for EγT > 70 GeV and ∆φap > 3.
The energy loss of the partons as they traverse the medium will lead to a modification of the
parton fragmentation functions, with respect to the p+p situation, depending on the properties
of the medium produced in the collision, the nature (type) of the parton and its path length in
the medium. The fragmentation functions can be studied using the γ-jet channel [4, 5], where
the initial transverse energy of the fragmenting parton can be determined from the photon
transverse energy. The left panel of Figure 1 shows the tight transverse energy correlation
between the isolated (see below) photon and the associated parton in back-to-back γ-jet events
at generator level (see below for details). The right panel of Fig. 1 shows the ratio of the jet
fragmentation function using either the true transverse energy of the parton or the associated
photon ET on generator level, where ξ = − ln z = ln(ET/pt) as used in Ref. [6].
The event simulation for this study uses the PYQUEN [7] and PYTHIA [8] event generators to
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model selected QCD (signal and background) channels with andwithout jet quenching, respec-
tively. HYDJET [9] is used to model the underlying corresponding (quenched or unquenched)
Pb+Pb events. For the purpose of this studywe assume the standard Pb+Pb running conditions
at LHC, an integrated luminosity of 0.5 nb−1 and a 7.8 b inelastic Pb+Pb cross section, giving a
total of 3.9× 109 Pb+Pb collisions, which in the following is called one year of Pb+Pb running.
The study is performed for central Pb+Pb events defined as the 10% most central collisions
selected by the impact parameter of the Pb nuclei in the HYDJET generator, corresponding to
an average mid-rapidity density of about 2400 (2200) charged particles in the quenched (un-
quenched) case.
1.1 Isolated photon definition
AtMonte Carlo (MC) generator level, we attempt to select isolated photons that were produced
in the initial hard scattering of two partons, and provide a good correlation of photon and out-
going parton energy. We define an isolation cone of ∆R < 0.5 around the photon position
in pseudo-rapidity and azimuth. For particles inside the cone, excluding muons and neutri-
nos, we calculate the total transverse momentum (PtotT ) and the highest transverse momentum
carried by a hadron PmaxT . Isolated photons with transverse energy of E
γ
T are selected by the
following conditions
1. PtotT − EγT < 5GeV + 0.05 EγT,
2. PmaxT < 4.5GeV + 0.025 E
γ
T .
In addition we apply a cut on the angle between the isolated photon and the emerging par-
ton (or jet),
∆φap > 3 , (1)
requiring the photon and the parton to be produced nearly back-to-back in azimuthal angle.
1.2 Rate and background estimates
To estimate the yield of γ-jet events integrated over the one year Pb+Pb running scenario in
the CMS acceptance, the cross section provided by PYTHIA is scaled by the number of binary
nucleon-nucleon collisions reported by the HYDJET generator for the 10% most central Pb+Pb
collisions, Ncoll = 1578. The dominant background to prompt photons reconstructed in the
electromagnetic calorimeter (ECAL) are high-ET photons originating from decays of pi0, η, η′
and ω mesons and photons directly originating from the fragmentation processes of high-pT
quarks and gluons. A data set is simulated that corresponds to a full year of Pb+Pb data taking
with an integrated luminosity of 0.5 nb−1. The corresponding yields of signal (isolated γ-jet
pairs with ∆φap > 3 ) and possible background events per candidate particle type are listed in
Table 1.
Data set pT [GeV/c] signal γ-jet pi0 pi± η η′ ω
unquenched >70 4288 23675 47421 12267 8194 30601
unquenched >100 1216 4422 9103 2357 1567 5975
quenched >70 4209 7569 14616 3825 2445 9235
quenched >100 1212 1562 3000 829 515 2051
Table 1: Integrated yields for one year in the standard Pb+Pb running scenario (0.5 nb−1) of
generated particles possibly leading to high-ET ECAL clusters in the CMS acceptance.
32 Event reconstruction
Jet reconstruction in heavy-ion collisions in CMS is performed with an iterative cone algorithm
with a cone size of R = 0.5 modified to subtract the underlying soft background on an event-
by-event basis [10]. The algorithm subtracts from each jet the background energy due to the un-
derlying Pb+Pb event and electronic noise. The performance of this algorithm in documented
in Refs. [11, 12].
Tracks are reconstructed using seeding from one hit on each of the three layers of the silicon
pixel detector (resulting in a geometrical acceptance of 80%), with an extension of the standard
tracking algorithmused for p+p. [13]. In this high-multiplicity environment (〈dNch/dη = 2400〉),
an algorithmic tracking efficiency of≈ 70% is achived nearmidrapidity, for pT > 1 GeV/c, with
a few percent fake track rate. Tracks are reconstructed with excellent momentum resolution,
∆pT/pT < 1.5% for pT < 100 GeV/c. The resolution of the transverse track impact parameter
at the event vertex is better than 50 µm at >∼ 1 GeV/c, and improves to 20 µm at high pT (above
10 GeV/c).
Photon reconstruction is done in three steps. At first, we use the ECAL in the barrel and end-
cap regions to look for photon candidates. Candidates are given by “super clusters” of energy
deposits. They are obtained by using one of the p+p clustering reconstruction schemes (Island
cluster finder). Second, for each photon candidate, we then examine the information provided
by several shape variables in the ECAL associated with the candidate. Third, together with
the information from the hadronic calorimeters (HCAL), in the barrel and endcap regions, as
well as the Silicon Tracker, we determine if a given photon candidate is an isolated photon.
The combined cone energy and shape variables, in addition with the track isolation variables,
form a three-dimensional space, in which an optimal rectangular cut is determined using the
TMVA [14] package to divide the candidate sample into signal (isolated photons) and back-
ground.
The resulting background rejection power as a function of signal efficiency, so called Receiver
Operating Characteristics (ROC) curve, is shown in the left panel of Fig. 2 for quenched and
unquenched p+p and 0− 10% central Pb+Pb events. It should be emphasized that for each
collision system the coefficients and cuts of the corresponding unquenched training samples
are used to study the quenched case. The transverse energy distribution of reconstructed iso-
lated photons obtained at a working point of 60% signal efficiency is shown in the right panel
of Fig. 2 for 0 − 10% central quenched Pb+Pb, with a signal-to-background ratio of 4.5. On
average, for ET > 70 GeV, the transverse energy resolution for isolated photons is about 4.5%.
The spatial resolution in η and φ is better than 0.005.
3 Extracting fragmentation functions
To extract fragmentation functions of parton initiated jets in γ-jet events, isolated photon can-
didates are selected and correlated with back-to-back reconstructed calorimeter jets in Pb+Pb
events.
For the selected photon jet pairs, reconstructed charged particles that lie within a 0.5 radius
cone in η-φ around the reconstructed jet axis are selected. The fragmentation function is con-
structed correlating the transverse energy of the photon, as a measure of the parton trans-
verse energy, with the reconstructed transverse momentum of the tracks in the cone. To extract
the fragmentation function using the charged particle information obtained in the tracker, the
away-side jet associated with the photon needs to be contained in the tracker acceptance of
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Figure 2: Left panel: Background rejection vs signal efficiency for the identification of isolated
photons compared for p+p (PYTHIA), quenched p+p (PYQUEN) and 0− 10% central quenched
and unquenched Pb+Pb (HYDJET) events. In all cases the coefficients and cuts are obtained
for the corresponding unquenched sample and applied to the quenched case. Right panel:
Transverse energy distribution of reconstructed isolated photons (working point chosen at 60%
signal efficiency) in 0− 10% central quenched Pb+Pbevents related to different types of trigger
particles. Non-isolated particles, isolated photons and isolated hadrons are classified using the
isolation algorithm on the MC truth.
|η| < 2.5. For this analysis, jets with their axis within |η| < 2.0 are selected to avoid edge
effects at the limit of the tracker acceptance. To reconstruct a photon jet correlation, each pho-
ton candidate is associated with the highest ET calorimeter jet fulfilling ∆φap > 3. In order to
ensure that the reconstructed calorimeter jet corresponds to the away-side parton, a minimum
jet ET cutoff of 30 GeV is applied.
To extract the fragmentation functions of parton-induced jets in the γ-jet channel in central
Pb+Pb events, special care needs to be taken to estimate the underlying event contribution
from the copious soft background of the Pb+Pb events. The underlying event contribution
is estimated by using the momentum distributions of tracks found in an area outside of the
jet cone, which is assumed to only contain background particles. For this purpose, for each
reconstructed isolated ECAL cluster-jet pair, the charged tracks within a 0.5 radius cone per-
pendicular in φ angle to the reconstructed jet axis are selected.
3.1 Systematic uncertainties
We determined the contribution of four main sources contributing to the difference between
reconstructed and true fragmentation functions. These sources that are added in quadrature to
obtain the total systematic error are:
• QCD jet fragmentation products misidentified as isolated photons.
• Association of a wrong/fake jet on the away-side of the isolated photon.
• Uncertainties in the charged particle reconstruction efficiency correction.
• Biases due to lower jet reconstruction efficiency at lower jet ET.
5The latter effect gives the largest contribution to the estimated systematic uncertainty of this
analysis, in particular for the quenched scenario.
The low jet reconstruction efficiency for low ET jets potentially leads to a bias in the recon-
structed fragmentation function. At low ET, jets fragmenting into single high-pT particles are
more likely to be reconstructed. This means that the measured fragmentation functions are
harder (flatter) than they would be if observed in an ideal jet finder, with perfect efficiencies.
The systematic error associated with the jet finder efficiency is the dominant source of uncer-
tainty for this measurement, in particular for the lower photon energy selection.
QCD jet fragmentation products that pass the ECAL cluster isolation cuts are misidentified
as isolated photons. The isolation process requires little hadronic energy contained in a cone
around these particles, so this biases the fraction of the original partonmomentum (z = pT/E
parton
T )
these particles carry towards unity, while on average z = 0.3 for leading particles in an unbi-
ased jet measurement. Still these high-z particles underestimate the energy of the associated
away-side parton. This results in observing a harder fragmentation function compared to the
true fragmentation function when using the ET of the misidentified photons to trace the away-
side parton ET.
Associating a wrong/fake jet on the away-side of the isolated photon will result in observ-
ing a softer fragmentation function since it samples low ET jets from fluctuations in the soft
background. This effect can also be studied based on MC truth information by comparing re-
constructed fragmentation functions for all events to ones constructed only for good matches
of the reconstructed jets to the true away-side parton.
The uncertainty in the correction for the charged particle reconstruction efficiency is accounted
for by assigning a 10% systematic error to the final measurement added to the systematic un-
certainties mentioned above.
4 Results and discussion
The fully reconstructed fragmentation functions including underlying event subtraction are
shown in Fig. 3 using a 70 GeV ECAL cluster energy cutoff and in Fig. 4 using a 100 GeV cutoff.
The left panel in each figure shows the results for the unquenched (PYTHIA) scenario, while
the right hand panel shows the result for a model including jet-quenching (PYQUEN). The
estimated systematic error of the measurement is represented as the shaded band in the fig-
ures. The reconstructed fragmentation functions are overlaid with the MC truth fragmentation
functions determined at generator level using the true parton ET and direction for selection of
particles. The true fragmentation functions extracted from the generator level information are
very well reproduced by the reconstructed fragmentation functions based on the photon, jet
and charged particle reconstruction, for both scenarios and for both photon energy ranges.
For both photon energy ranges and both scenarios, the reconstructed and true fragmentation
functions agree within the statistical and estimated systematic uncertainties. This is in particu-
lar true for the intermediate ξ range. The comparison of the ET > 70 GeV and ET > 100 GeV se-
lection illustrates the trade-off between statistical and systematic uncertainties for the two pho-
ton energy ranges. The particular implementation of the energy loss mechanism in PYQUEN
amplifies the effect of the jet finding (in-) efficiency, as the energy lost by the parton is radiated
out of the typical jet cone area.
The overall capability to measure the medium-induced modification of jet fragmentation func-
tions in the γ jet channel can be illustrated by comparing the fully reconstructed quenched

















































Figure 3: Fragmentation functions extracted from central Pb+Pb collisions (symbols) and MC
truth signal (line). These functions are obtained using an ECAL cluster cut of ET > 70 GeV and
are corrected for the underlying event. Left panel: unquenched jets (PYTHIA), unquenched
underlying event (HYDJET) subtracted. Right panel: quenched jets (PYQUEN), quenched un-
derlying event (HYDJET) subtracted.
fragmentation function to the unquenched MC truth distribution. The change in the fragmen-
tation function between the unquenched and quenched case provides the scale against which
the estimated uncertainties should be compared.
Fig. 5 shows the ratio between the quenched and unquenched fragmentation functions at the
reconstructed level (symbols) and at the MC truth level (line). The left panel shows the ratio
for a 70 GeV ECAL cluster cut and the right panel for 100 GeV. One sees that the ratio of
reconstructed fragmentation functions to the unquenched MC truth reproduces the same ratio
in the MC truth over the full ξ-range for both ET-ranges within the estimated uncertainties. For
essentially the full ξ-range, the measurement uncertainties are much smaller than the change
in the fragmentation function caused by the jet-quenching effect.
In summary, we have shown that γ-jet events can be used to study quantitatively the depen-
dence of high-pT fragmentation on the medium. For a data set corresponding to one nominal
year of CMS Pb+Pb running, the expected statistical and systematic uncertainties should be
small enough that the measurements will be sensitive to the foreseeable changes in the frag-
mentation functions relative to parton fragmentation in vacuum. This measurement will al-
low a quantitative test of proposed mechanisms for parton energy loss in the medium, testing


















































Figure 4: Fragmentation functions extracted from central Pb+Pb collisions (symbols) and MC
truth signal (line). These functions are obtained using an ECAL cluster cut of ET > 100 GeV and
are corrected for the underlying event. Left panel: unquenched jets (PYTHIA), unquenched
underlying event (HYDJET) subtracted. Right panel: quenched jets (PYQUEN), quenched un-
derlying event (HYDJET) subtracted.
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Reconstructed Pb+Pb / MC p+p
MC truth p+p
Figure 5: Ratio of the quenched to unquenched fragmentation functions for events using a
minimum photon ET of 70 GeV (left panel) and of 100 GeV (right panel). Points represent the
ratio of the functions reconstructed in the data whereas the line represents the ratio of the true
fragmentation functions from the Monte Carlo truth.
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Figure 6: Transverse energy correlation (left panel) and balance (right panel) between isolated
photons and the associated away-side parton for p+p events generated with the PYTHIA event
generator requiring a minimum transverse-momentum transfer of pˆT = 70 GeV/c. Partons
and photons are selected to have a transverse energy above 70 GeV and an opening angle in
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Figure 7: Left panel: Fragmentation function constructed using the parton energy (open sym-
bols) and using the energy of the associated photon (filled symbols) in γ-jet events with EγT >
70 GeV and an opening angle in the transverse plane of larger than 3 radian. Right panel: Ra-
tio of these two fragmentation functions. Both are for p+p events generated with the PYTHIA
event generator requiring a minimum transverse-momentum transfer of pˆT = 70 GeV/c.
10 4 Results and discussion
 [GeV]γTE


























Figure 8: Rate of γ-jet events for the 10%most central Pb+Pb collisions for integrated luminos-













































Figure 9: Transverse energy distribution for basic clusters and super clusters in p+p (PYTHIA,
left panel) and 0− 10% central quenched Pb+Pb (HYDJET, right panel) events, containing in


















































Figure 10: Transverse energy distribution of photon candidate super clusters before application
of reconstruction isolation cuts. The different types of generated particles, non-isolated parti-
cles, isolated photons and isolated hadrons, are classified using the isolation algorithm on the
MC truth. Shown are p+p (PYTHIA, left panel) and 0− 10% central quenched Pb+Pb (HYDJET,
right panel) events.
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Figure 11: Transverse energy density around photon candidates for basic clusters in ECAL (left
panel) and hits in HCAL (right panel) as a function of cone size related to different types
of matched generated particles, non-isolated particles, isolated photons or isolated hadrons,
as classified using the isolation algorithm on the MC truth, in 0 − 10% central quenched
Pb+Pb (HYDJET) events.
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Figure 12: Distribution of SE (left panel) and S′R (right panel) for different types of matched
generated particles, non-isolated particles, isolated photons or isolated hadrons, as classified
using the isolation algorithm on the MC truth, in 0− 10% central quenched Pb+Pb (HYDJET)
events.
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CMS Preliminary
Figure 13: Background rejection vs signal efficiency for the identification of isolated photons
compared for p+p (PYTHIA), quenched p+p (PYQUEN) and 0 − 10% central quenched and
unquenched Pb+Pb (HYDJET) events. In all cases the coefficients and cuts are obtained for the


















































Figure 14: Transverse energy distribution of reconstructed isolated photons (working point
chosen at 60% signal efficiency) related to different types of trigger particles. Non-isolated par-
ticles, isolated photons and isolated hadrons are classified using the isolation algorithm on the





























Figure 15: Left panel: Efficiency (and fake rate) of reconstructed isolated photons as a function
of reconstructed transverse energy in 0− 10% central quenched Pb+Pb (HYDJET) events. Right
panel: Energy response of reconstructed isolated photons with ET > 70 GeV. In both panels the
working point is set to a signal efficiency of 60%.
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Figure 16: Left panel: Opening angle distribution between isolated photons and the associated
away-side parton for photons with EγT > 70 GeV. Right panel: η distribution of the away-side
parton associated with isolated photons selected for this analysis.
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Figure 17: Left panel: Fraction of falsely assigned calorimeter jets as a function of jet transverse
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Figure 18: MC truth away-side jet energy for unquenched jets (left panel) and quenched
jets (right panel) for a selection of photons with EγT > 70 GeV (solid line) and E
γ
T >
100 GeV (dashed line).
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Figure 19: Left panel: Signal to background ratio as a function of signal efficiency. Right panel:
χ2 from comparing the reconstructed fragmentation function to the MC truth as a function of
signal efficiency.


















































 > 70GeVClus.T > 1GeV/c, ETTrack p
Figure 20: Fragmentation functions extracted from central Pb+Pb collisions (symbols) and
underlying event contribution (line) with ECAL Cluster ET > 70 GeV. Left panel: un-
quenched jets (PYTHIA), unquenched underlying event (HYDJET). Right panel: quenched
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Figure 21: Ratio of the biased fragmentation function using calorimeter jets with a minimum
ET for the photon candidate ECAL cluster of 70 GeV to the unbiased MC truth distribution for
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Figure 22: Ratio of the biased fragmentation function using calorimeter jets with a minimum
ET for the photon candidate ECAL cluster of 100 GeV to the unbiased MC truth distribution for

















































Figure 23: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions (symbols) and MC truth signal fragmentation function. ECAL Cluster ET > 70 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.
Right panel: quenched jets (PYQUEN), quenched underlying event (HYDJET) subtracted.

















































Figure 24: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions (symbols) and MC truth signal fragmentation function. ECAL Cluster ET > 100 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.


























































 > 70GeVClus.T > 1GeV/c, ETTrack p
Underlying event subtracted
Quenched Fragmentation Function
Figure 25: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions divided by the MC truth signal fragmentation function. ECAL Cluster ET > 70 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.



























































 > 100GeVClus.T > 1GeV/c, ETTrack p
Underlying event subtracted
Quenched Fragmentation Function
Figure 26: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions divided by the MC truth signal fragmentation function. ECAL Cluster ET > 100 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.





























































Reconstructed Pb+Pb / MC p+p
MC truth p+p
Figure 27: Left panel: Ratio of the reconstructed quenched fragmentation function for events
using a minimum ET for the photon candidate ECAL cluster of 70 GeV (symbols). Ratio of
the corresponding MC truth fragmentation functions (line). Right panel: Ratio of the recon-
structed quenched fragmentation function for events using a minimum ET for the photon can-
didate ECAL cluster of 100 GeV (symbols). Ratio of the correspondingMC truth fragmentation
functions (line).
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Figure 28: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions (symbols) and MC truth signal fragmentation function. ECAL Cluster ET > 70 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.
Right panel: quenched jets (PYQUEN), quenched underlying event (HYDJET) subtracted.
T/ETz=p









































Figure 29: Underlying event subtracted fragmentation functions extracted from central Pb+Pb
collisions (symbols) and MC truth signal fragmentation function. ECAL Cluster ET > 100 GeV.
Left panel: unquenched jets (PYTHIA), unquenched underlying event (HYDJET) subtracted.
Right panel: quenched jets (PYQUEN), quenched underlying event (HYDJET) subtracted.
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Reconstructed Pb+Pb / MC p+p
MC truth p+p
Figure 30: Left panel: Ratio of the reconstructed quenched fragmentation function for events
using a minimum ET for the photon candidate ECAL cluster of 70 GeV (symbols). Ratio of
the corresponding MC truth fragmentation functions (line). Right panel: Ratio of the recon-
structed quenched fragmentation function for events using a minimum ET for the photon can-
didate ECAL cluster of 100 GeV (symbols). Ratio of the correspondingMC truth fragmentation
functions (line).
